Evolutionary variation for accumulation of small heat shock protein (sHsp) may contribute to thermal niche differentiation between species. Here e examine temperature and time-course-dependent variation for sHsp accumulation in a recently diverged pair of Encelia raised in a common environment: Encelia farinosa, common in the Mojave desert, and Encelia californica, which is found along the cool coastal bluffs of southern North America. Both species exhibit peak sHsp accumulation at 42?C. Encelia californica accumulated greater levels of sHsp at temperatures below 42?C, while E. farinosa had greater levels above 42?C. Encelia farinosa accumulates sHsp at temperatures up to 45?C, while E. californica does not synthesize sHsp above 44?C. Both species accumulated significant levels of sHsp while maintaining photosynthetic electron transport (Fv/Fm), but above the temperatures that elicited peak sHsp expression, levels of sHsp and Fv/Fm declined in parallel to zero. Encelia californica accumulated greater levels of sHsp more rapidly than E. farinosa following a 15 min, 42?C heat treatment; however, E. farinosa maintained greater Fv/Fm at all time points. Our results indicate that there are significant differences between Encelia species for sHsp accumulation but that these results depend on the duration, magnitude, and recovery time following temperature stress.
Expression of sHsp can be viewed both as a symptom of thermal stress and as a potential protective mechanism. A quantitative increase in the pool of denatured proteins in the cell, as well as increased membrane fluidity (Vigh et al. 1998) , are thought to be primary signals of increased sHsp expression. Therefore, as levels of denatured proteins increase, so will sHsp expression, at least until critical temperatures for the heat deactivation of transcription and translation are reached. Accumulating evidence indicates that sHsps are important for the maintenance of photosynthetic and respiratory electron transport (Downs and Heckathorn 1998; Heckathorn et al. 1998 and in press; Miyao-Tokutomi et al. 1998 
Material and Methods

Seed Collection and Common Garden Conditions
Temperature-Dependent Accumulation of sHsps
Temperature treatments were performed using detached leaves in air-circulating chambers that were submerged in temperature-controlled water baths. We used detached leaves because it was the only method available to achieve precise and constant leaf temperature control. Two series of temperature treatments were performed. The first was carried out at For each replicate, a random sample of leaves was collected early in the morning and then divided into seven groups of ca. 10-15 leaves (one group for each temperature). For each replicate of a temperature series, all temperature treatments for both species were performed simultaneously. For each temperature treatment, equal samples of both species were heat treated in the same chamber. Leaves were placed on top of a piece of moist filter paper within the chamber to prevent them from drying out during the temperature treatments. Leaf temperature measurements using thermocouples showed that within a chamber leaf temperatures did not vary by more than 0.1?C. The difference between the water-bath temperature and leaf temperatures also did not vary by more than 0.1?C. Temperature treatments lasted 4 h. Leaves were allowed to recover for 4 h in the chambers under low light at room temperature. The last 30 min of the recovery period was in the dark. Following the recovery period, we quantified the dark-adapted photochemical efficiency of photosystem II using the chlorophyll fluorescence parameter, Fv/F,,, using a 0.7-s saturating pulse of ca. 12,000 /tmol m-2 s-1 (Hansatech FMS2 fluorom-eter, King's Lynn, U.K.). The leaves were then frozen in liquid N and stored at -80?C until protein extraction.
Time Course of sHsp Accumulation
Comparisons between the two Encelia species for the time course of sHsp accumulation were conducted following a 15-min, 42?C heat treatment (which was close to the peak accumulation temperature for both species). Random samples from a large group of leaves heat shocked together were collected at the following time points: before the heat shock; immediately after; and then at 15, 45, 90, 180, and 360 min. Both species were heat shocked in the same chamber. F,/Fm measurements were taken at each time point, except immediately after the heat shock (rapid relaxation of steady state fluorescence after heat stress makes measurements immediately after heat stress highly variable). The experiment was replicated three times. We used a polyclonal antibody that detects multiple sHsps in heat-stressed plant tissue (provided by S. A. Heckathorn). It was produced using an oligopeptide of the conserved heat shock domain found in all plant sHsps (as in Downs et al. 1998, except that the antiserum was raised in rabbits and the peptide was conjugated to kehole limpet hemocyanin [KLH]). The antibody cross-reacts with several sHsps between ca. 17 and 30 kD. Because we used one-dimensional electrophoresis, we could not quantify variation in the number of sHsps recognized. We also attempted to use a monoclonal antibody developed by Heckathorn et al. (1998) to detect a 22 kD chloroplast sHsp; however, we were unable to detect the protein in either of these species using that antibody. 
Protein Methods
Statistics
Differences between species for the temperature-dependent accumulation of sHsps were analyzed by two-way ANOVA, with species and temperature as factors. We also used Scheffe post hoc tests to examine differences between species at selected high and low temperatures. The decline in Fv/Fm was analyzed similarly. We used repeated-measures ANOVA to examine differences between species for the time course of sHsps accumulation following the 15-min, 42?C heat shock and for Fv/Fm. All analyses were performed using DataDesk (Ithaca, N.Y.)
Results
Temperature-Dependent Accumulation of sHsps
There was a significant difference between Encelia farinosa and Encelia californica for the temperature-dependent accumulation of sHsps (interaction term for the two-way ANOVA, F10,76 = 2.81, P = 0.005; fig. 2A ). At lower temperatures, E. californica accumulated greater levels of sHsps, while at higher temperatures E. farinosa accumulated more (significant differences for Scheffe post hoc tests are indicated in fig. 2A We also found that E. californica accumulated greater levels of sHsps at all time points following a 15-min, 42?C temperature treatment (fig. 4) . Six hours after the heat shock, E. californica had accumulated nearly three times greater levels of sHsps than E. farinosa. These results indicate that while there are significant differences between species for the temperature-dependent accumulation of sHsps, the magnitude of these differences depends on the intensity and duration of thermal stress, as well as on the duration of recovery at less stressful temperatures. For example, after our 4-h heat shock at 42?C with 4 h of recovery time, there was not a significant difference between E. californica and E. farinosa for sHsp accumulation ( fig. 3) , but after the 15-min heat shock at 42?C, their responses were quite different (fig. 4) .
Both species accumulated significant levels of sHsps at temperatures below the point at which significant reductions in PS II electron transport efficiency occur (Fv/Fm; fig. 3 ). This observation may support the protective role of sHsps, but we cannot rule out the possibility that PS II is thermally stable to these temperatures independent of sHsp synthesis. Above peak accumulation, temperatures for sHsp synthesis, sHsp expression, and Fv/Fm declined in parallel to zero. The sHsps may serve a protective role at these temperatures; however, the observed pattern may also represent correlated symptomatic responses to the heat stress.
After the 15-min, 42?C heat shock, the mesophilic E. californica accumulated much greater levels of sHsps than the thermophylic E. farinosa but still had lower Fv/Fm (fig. 4A,  4B) . These results indicate that correlations between sHsp expression and photosynthetic or whole-plant thermotolerance among genotypes may depend critically on the measurement temperature; linear correlations for photosynthetic thermotolerance and sHsp accumulation after a single temperature treatment may be an oversimplification. In addition, because leaf temperatures are highly variable in natural environments, responses to short-duration high temperature stress may have cumulative effects, especially if costly plastic acclimatory adjustments are induced.
The results for sHsp expression presented here rely on immunological staining of Western blots. Because equal micrograms of soluble protein were run for all species, optimized extraction protocols were identical between species, and no sHsps were detected at lower temperatures, we feel that our results reflect intrinsic differences for inducible sHsp synthesis. There remains the possibility that differences in antigenicity contributed to experimental error and could lead to misleading results. However, antigenicity variation should be minimal because of the conserved nature of the sHsp domain in plants (Waters 1995; Waters et al. 1996) . Also, because the sHsp antibody that we used cross-reacts with several sHsps, the integrated response may be more representative than for immunological studies that focus on just one epitope; some epitopes may be more or less antigenic for the sHsp antibody, but here we assume that antigenicity differences between sHsp epitopes are random.
According to current models, as the pool of denatured proteins increases, levels of Hsps expression also increase. These signal transduction pathways have been described in most detail for Hsp70 and Hsp90; however, the induction of sHsps may involve similar mechanisms and perhaps the same heat shock transcription factors ( . This fact may contribute to the duplication and diversification of sHsps as a thermal protective mechanism in plants; sHsps themselves must be able to function at high temperatures, requiring mechanisms for their own thermal stability. As in any organism, whole-plant thermotolerance is the result of the functional integration of many traits, including short time scale reversible plastic traits (such as Hsp expression or rapid changes in leaf angle) and traits that are either plastic but less reversible (such as leaf size) or genetically fixed or canalized traits that are not plastic (such as cuticle thickness). For example, E. farinosa has very low leaf absorptance because of a thick pubescent trichome layer on the upper leaf surface that positively affects leaf energy balance (Ehleringer and Mooney 1978; Ehleringer 1988; Ehleringer and Cook 1990; Sandquist and Ehleringer 1997, 1998). These adaptations in leaf morphology and pubescence may play a significant role for the evolution of increased thermal tolerance in Encelia. Here we show that biochemical evolution of the sHsp response may also contribute to the adaptive radiation of Encelia species across thermal gradients.
